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expected, NPC1 was absent in UCH cell fractions and, again
unlike in H34 cells, SKD1 was not at all recovered in these
fractions regardless of the cellular cholesterol levels.

It was possible that this lack of SKD1 recruitment in UCH
cells was simply because the cells lacking NPC1 could not be
effectively depleted of cholesterol. To address this issue, UCH
cells were cultured in cholesterol-depleted medium for 3 days.
This treatment abolished endosomal cholesterol accumulation
as revealed by filipin staining but again failed to induce
endosomal recruitment of SKD1 (data not shown). These
findings suggested that the negative results in UCH cells were
not a result of ineffective cholesterol depletion, but a result of
the absence of NPC1.

Finally, to see if NPC2 is involved in the regulation of NPC1
ubiquitylation, we repeated the same experiments using cells
from a patient with NPC2 disease (90031, homozygous for the
NPC2 E20X mutation), which lack NPC2 function. Our
previous analysis using 0.4% SDS extracts from 100,000 g
membrane preparations revealed an increased amount of NPC1
in the NPC2 cells as compared with control cells (Millat et al.,
2001a). However, anti-NPC1 blotting of 0.5% CHAPS extracts
showed comparable levels of NPC1 between H34 and the
NPC2 cells (Fig. 6A), suggesting reduced solubility of NPC1
in these cells to this detergent. Nonetheless, anti-ubiquitin
immunoprecipitation experiments using the 0.5% CHAPS
extracts revealed distinct patterns of NPC1 ubiquitylation. A
part of NPC1 was ubiquitylated in these cells regardless of the
cholesterol levels (Fig. 6B). This ubiquitylation of NPCI was
accompanied by the presence of SKD1 in the anti-ubiquitin
immunoprecipitation products from cells cultured either in
cholesterol-rich or cholesterol-depleted medium (Fig. 6B).
Opti-prep fractionation of the NPC2 cells showed a distinct
distribution pattern of SKDI1. Both lamp2 and NPC1 were
recovered in fractions 2 and 3 from cells cultured in
cholesterol-rich medium and, unlike in H34 cells, cholesterol
depletion caused a rightward shift of this distribution to
fractions 3-5. In contrast to H34 cells, SKD1 co-localized with
NPC1 regardless of the cellular cholesterol levels and it was
present in fractions 2 and 3, and in 3-5, from cells cultured in
cholesterol-rich and cholesterol-depleted medium, respectively
(Fig. 6C). Similar results were obtained by using another NPC2
cell strain 88082 (data not shown), suggesting that they are a
common feature of NPC2-deficient cells.

Discussion

The biochemical mechanism and physiological implication of
the cholesterol-dependent control of protein ubiquitylation has
so far been documented only for HMG-CoAR, a rate-limiting
enzyme of cholesterol biosynthesis localized in the ER. Briefly,
repletion of cellular cholesterol facilitates association of HMG-
CoAR with the Insig proteins, which in turn accelerates its
ubiquitylation and proteasomal degradation (Ravid et al., 2000;
Sever et al., 2003a; Sever et al., 2003b). We have shown in the
current study that ubiquitylation of NPC1 was induced by
depletion of cellular cholesterol, but not by its repletion. It is
currently unknown how cholesterol exerts opposite effects on
NPC1 and HMG-CoAR, the two proteins that share SSDs.
These opposite effects possibly result from differences in their
subcellular locations andf/or the nature of the interacting
proteins involved in the regulatory processes. We have shown
that two kinds of mutant NPC1 proteins — P691S and SLLNF

— failed to respond to cholesterol depletion (Fig. 2). The
negative response of the P691S mutant suggested that an intact
SSD was required for NPC1 to undergo this modification,
whereas the negative response of the SLLNF mutant suggested
that the modification took place in the endosomes, where
NPC1 normally resides.

Ubiquitylation of a protein can serve as a signal for its
degradation or intracellular sorting. Unlike the case of HMG-
CoAR, cholesterol-level-dependent NPC1 ubiquitylation does
not appear to serve a major role in the control of protein
degradation, since cholesterol depletion caused little effect on
the steady-state levels of expressed Flag-NPC1 (Fig. 1). Its
effect on the steady-state levels of endogenous NPC1 was also
marginal (Fig. 6). This finding agrees with the observation by
Zhang et al. (Zhang et al., 2001), who found negative effects
of cholesterol depletion on the NPC1 protein levels in human
skin fibroblasts. Ubiquitylated proteins can be degraded either
by the lysosome or by the proteasome in the cytosol. The
negative effects of the lysosomal inhibitor leupeptin on
ubiquitylation of NPC1 and its steady-state levels (Fig. 3)
argue against a role of the lysosome in NPC1 degradation. Our
findings with the proteasomal inhibitor MG132 suggest that,
like HMG-CoAR, NPC1 does undergo ubiquitylation and
proteasomal degradation, but these events appear to be
independent to cellular cholesterol levels. MG132 caused
accumulation of ubiquitylated Flag-NPC1 and increased its
steady-state levels regardless of cellular cholesterol levels (Fig.
3). MG132 induced ubiquitylation of the P691S and SLLNF
mutant proteins that failed to respond to cholesterol depletion
(Fig. 2). Therefore, as for the role of the proteasome in
NPC1 degradation, we hypothesize that NPCl undergoes
ubiquitylation and proteasomal degradation because of protein
misfolding, but not because of cholesterol depletion, and that
the quality control takes place in the ER, but not in the
endosome.

Our findings on the interaction between NPC1 and SKD1
suggest that ubiquitylation of NPC1 induced by cholesterol
depletion serves as a sorting signal. The interaction between
NPC1 and the ATP-bound, membrane-associated form of
SKD1 was indicated by co-localization and co-precipitation of
NPC1 and SKDI1(E235Q) (Fig. 4C-E). This interaction only
occurs with the ATP-bound form of SKD1, as shown by the in
vitro binding of NPC1 to immobilized SKD1, which depended
on the presence of ATP/ATPys (Fig. 4F). Importantly,
cholesterol depletion induced an interaction between NPCI
and wt SKDI, which presumably was in the ATP-bound,
membrane-associated form (Fig. 5). The effect of cholesterol
depletion on NPC1 ubiquitylation was also demonstrated for
the endogenous protein in human skin fibroblasts (Fig. 6B)
and, again, this ubiquitylation was accompanied by recruitment
of SKD1 to the endosomal fractions (Fig. 6C). In yeast, Vps4
is required for disassembly of the ESCRT-III, which contains
other Vps proteins Vps2, Vps20, Vps24 and Vps32/Snf7
(Babst et al., 2002a). Mammalian counterparts to these proteins
have recently been identified (Fujita et al., 2004; Peck et al.,
2004; Yan et al., 2005). Our findings suggest that NPCl1
interacted with these proteins in the presence of SKD1(E235Q)
or in cells depleted of cholesterol.

Two lines of questions can be addressed regarding the
interaction between NPC1 and the ESCRT complex. First, how
is ubiquitylated NPC1 recognized by the ESCRT complex?
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Tsgl01 is a mammalian ortholog of yeast Vps23 and has been
shown to bind directly to ubiquitylated EGFR (Bishop and
‘Woodman, 2001; Bishop et al., 2002). We tested whether Flag-
NPCI1 interacted with endogenous Tsgl01 in COS cells, but
could not detect any interaction between these two proteins.
Therefore, it is likely that NPC1 is recognized by the ESCRT
complex in a manner that is different to EGFR. Second, what
is the role of the ESCRT complex in the intracellular sorting
of NPC17 NPC1 is primarily localized on the late endosome
and can transiently associate with cholesterol-enriched
lysosomes (Higgins et al., 1999). The ESCRT complex plays
a crucial role in the sorting of ubiquitylated proteins form the
endosome to the lysosome through multivesicular bodies
(Bishop and Woodman, 2000; Yoshimori et al., 2000; Bishop
et al., 2002; Fujita et al., 2003) and, in Vps mutant yeast cells,
Nerl is trapped in the pre-vacuolar compartments (Zhang et
al., 2004), which correspond to mammalian endosomes.
Therefore, it is likely that the ESCRT complex is required for
the sorting of NPC1 from the late endosome to the lysosome.
At least in yeast, it has been shown that the entry of the
ubiquitylated protein to multivesicular bodies is preceded by
de-ubiquitylation of the protein (Babst et al., 2002a). Given the
effects of cholesterol depletion, we propose that the sorting of
NPC1 is regulated by the local cholesterol content of the
endosomal membrane. When it is low, NPC1 is ubiquitylated
and is associated with the ESCRT complex. Its entry into
multivesicular bodies and subsequent delivery to the lysosome
might be triggered by cholesterol feeding, which presumably
induces de-ubiquitylation of the protein. This sorting might be
an obligatory step for the NPC1 function to relocate LDL-
derived lysosomal cholesterol; further analysis is required to
test our hypothesis.

Finally, our findings regarding the NPC2 cells provided an
important insight into a functional relationship between NPC1
and NPC2. In cells that lack functional NPC2, ubiquitylation
of NPC1 (Fig. 6B) and endosomal recruitment of SKD1 (Fig.
6C) occurred under cholesterol-rich conditions, similar to the
results obtained in control cells depleted of cholesterol. Thus,
under cholesterol-rich conditions, the presence of functional
NPC2 was required to prevent NPC1 ubiquitylation and
subsequent association with SKD1. NPC2 contains an MD-2-
like lipid-recognition domain and binds cholesterol. By
analogy to other proteins that contain this domain, it can be
postulated that NPC2 extracts membrane-embedded
cholesterol and makes it available to other proteins (Inohara
and Nunez, 2002). Therefore, one possible explanation for
NPC1 ubiquitylation in NPC2 cells is that cholesterol is
unavailable to the membrane domains where NPC1 resides,
inducing NPC1 modification that normally takes place under
conditions of cholesterol deprivation. This explanation is
consistent with the increased protein levels of NPC1 in NPC2
cells (Millat et al., 2001a), given that NPC1 ubiquitylation
caused by cholesterol depletion does not lead to its
degradation. Alternatively, it is also possible that NPC2
deficiency acts indirectly, by inducing aberrant
compartmentalization of NPCIl, and triggering its
ubiquitylation. However, this alternative explanation does not
agree with our observation that Ul8666A, which induces
aberrant compartmentalization of NPC1, failed to affect its
ubiquitylation (Fig. 1F). We suggest that cholesterol-level-
dependent ubiquitylation of NPC1 is a crucial event not only

to understand the intracellular sorting of NPC1 but also to
unravel the functional relationship between NPC1 and NPC2
in future studies.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), Ham’s F12 medium and
LipofectAMINE reagent were from Life Technologies. Bovine calf serum (BCS)
was from Atlanta Biologicals. Bovine lipoprotein-deficient serum (LPDS), human
LDL, anti-Flag M2 agarose and rabbit polyclonal anti-Flag antibody were from
Sigma. Rabbit polyclonal anti-NPC1 antibody and mouse monoclonal antibodies
against ubiquitin (P4D1), myc, Hiss and GFP were from Santa Cruz Biotech. Rabbit
polyclonal anti-SKD1 has been described (Yoshimori et al., 2000).

Mammalian expression of recombinant proteins
pASC9/Flag-NPC1, an expression plasmid for human NPC1 with a Flag tag inserted
in the Clal site, has been described (Davies and Ioannou, 2000). pSV-SPORT/NPC1
wild-type (wt) and the P691S mutant were a gift from J. F. Strauss I (Department
of Obstetrics and Gynecology, University of Pennsylvania School of Medicine, VA).
The Psyl fragment of the Flag-NPC1 c¢DNA that flanks the Flag epitope was
introduced to the corresponding site of pSV-SPORT/NPC1 wt and P691S to
generate a Flag-tagged version of the cDNAs. The C-terminal 12 bp were deleted
from pSV-SPORT/Flag-NPC1 by PCR-based mutagenesis to generate a cDNA that
encoded Flag-NPCI(S8LLNF). An expression plasmid for myc/Hise¢-tagged yeast
ubiquitin was a gift from R. Kopito (Department of Biological sciences, Stanford
University, CA). Expression plasmids for GFP-tagged mouse wt and E235Q mutant
SKD1 have been described (Yoshimori et al., 2000). The entire coding sequence of
human SKDI1 ¢DNA (Vps4-B) (Scheuring et al., 2001) was obtained by RT-PCR
with primers 5'-TCCGCCATGTCATCCACTTCG-3’ and 5'-GCTTTTGGCTTAG-
CCTTCTTG-3’ from human skin fibroblasts cDNA. A Hisg epitope was introduced
at the C-terminus by PCR and the cDNA was subcloned to the EcoRI/Xhol site of
a mammalian expression vector pME18sf. An amino acid substitution E235Q was
introduced to pME/Hiss-SKD1 using a Quick Change Site-Directed mutagenesis kit
(Stratagene) and was confirmed by direct sequencing. Cells were transfected using
LipofectAMINE reagent according to the manufacturer’s instructions.

Cell culture

COS cells and human skin fibroblasts were maintained in DMEM/10% BCS at 37°C
in a humidified atmosphere containing 5% CO,. Human skin fibroblasts were from
a control human subject (H34), and from patients with NPC1 (UCH) (Yamamoto
et al., 2000) and NPC2 (90031 and 88082) (Millat et al., 2001b) diseases. CHO
cells were maintained in F12 medium as above. To deplete cellular cholesterol, cells
were cultured for the time indicated in 10% LPDS supplemented with an HMG-
CoAR inhibitor compactin (2 pM) and sodium mevalonate (0.1 mM), which assures
cell viability (Ravid et al, 2000). Where indicated, this cholesterol-depleted
medium was supplemented with 20 pg/ml LDL. For determination of cholesterol
levels, cells in 6-well plates were scraped into PBS and lysed by sonication.
Concentrations of protein and total cholesterol in the lysates were determined by
using the microprotein assay kit (BioRad) and the Amplex red cholesterol assay kit
(Molecular Probes), respectively, according to the manufacturer’s instructions.

Immunoprecipitation and affinity purification

All procedures were carried out at 4°C. Cells were washed with PBS and lysed by
sonication in buffer A [Tris-HC1 10 mM pH 7.4, NaCl 150 mM, 1 mM EDTA, 1
mM EGTA, 0.5% CHAPS and a protease inhibitor cocktail (Boehringer)]. After a
brief centrifugation to remove insoluble material, the supernatant was precleared
with an aliquot of agarose beads. For immunoprecipitation of Flag-NPC1, the
extracts were incubated for 16 hours with anti-Flag M2 agarose beads, washed with
buffer A, followed by elution of bound proteins by heating at 65°C for 10 minutes
in SDS-PAGE sample buffer. SDS-PAGE, western transfer and immunoblotting
were carried out as previously described (Sugimoto et al., 2001). The blot was
developed using an ECL kit (Amersham Pharmacia), For immunoprecipitation of
ubiquitylated proteins, cell extracts were incubated with anti-ubiquitin P4D1
antibodies for 16 hours and the immunoprecipitates were collected with protein A
sepharose. For affinity purification of Hisg¢-tagged proteins (myc/Hisg-ubiquitin or
Hisg-SKD1), cell extracts were incubated for 16 hours with TALON metal affinity
resin (Clontech). Bound proteins were analyzed as described above.

Cell fractionation _

Cells were harvested in Tris-buffered saline (TBS; Tris-HC1 10 mM pH 7.4, NaCl
150 mM) supplemented with a protease inhibitor cocktail and lysed by sonication.
The cell lysates were incubated on ice for 30 minutes in TBS supplemented with
1% Triton X-100 and 0.1% SDS to give total extracts. To prepare 1% Triton X-100-
soluble and Triton X-100-insoluble fractions, the cell lysates were incubated in TBS
+ 1% Triton X-100 and, after centrifugation at 100,000 g for 30 minutes, the pellet
was suspended in TBS + 1% Triton X-100 + 0.1% SDS. For subcellular
fractionation, membranes were fractionated by using an Opti-prep gradient (Axis-
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Shield) as described (Lin et al., 2004). Briefly, cells were homogenized with a potter
homogenizer in ice-cold buffer (Hepes 10 mM pH 7.0, | mM EDTA, 1 mM EGTA
supplemented with a protease inhibitor cocktail). After centrifugation at 100,000 g
for 1 hour at 4°C, the supernatant was discarded and the pellet was resuspended in
the same buffer, overlaid onto an Opti-prep gradient and centrifuged at 100,000 g
for 16 hours at 4°C. The top 12 fractions of the gradient were recovered and
numbered accordingly.

Immunofluorescence

All procedures were carried out at room temperature. Cells were fixed for 2 minutes
with acetone:methanol (1:1 v/v) and incubated for 30 minutes in PBS + 1% bovine
serum albumin (BSA). They were then incubated for 1 hour with anti-Flag antibody
or anti-Hisg antibody in PBS + 1% BSA. Bound antibodies were visualized with an
Alexa Fluor 546-conjugated secondary antibody and images were obtained using a
BioRad MRC1024 confocal laser-scanning microscope.

Bacterial expression of GST-SKD1 and in vitro binding assays
The EcoRVXhol fragment of pME/SKD1 was transferred to pGEX-6P (Amersham
Pharmacia). DH50 competent cells were transformed with the plasmid and protein
expression was induced with 1 mM IPTG at 37°C for 3 hours. GST-SKD1 was
recovered from bacterial pellets in 8 M urea, dialyzed against TBS and immobilized
on glutathione sepharose. For in vitro binding assays, GST-SKD1 glutathione
sepharose was incubated with 0.5% CHAPS extracts from Flag-NPCl-expressing
cells at 4°C for 2 hours, in the absence or presence of ADP, ATP or ATPys (all at
0.5 mM). The sepharose resin was washed with TBS + 0.5% CHAPS and bound
proteins were cluted with glutathione and analyzed by SDS-PAGE followed by
immunoblotting with anti-Flag antibody.
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S harRYTIEMERCEET 2/ EE T, BRI
POBRBETIENDI NI~ 2EAL0D ATP 2ESE
ENHORIL, S haryFY7EFEERTIZ I ELD
ATP BEEaN, SR THLERIANVF—-DLEEDK
o DOELEZH-oTWSE, S ary R 7REBCERELT
WAHBBEFRERE, BFEABCEEIRYT, AkEA4 Y
(H*) % intermembrane space (BRI M) o #ixX L (BFE
F#ER), £U s H'BEAR(BAUE pHE) 2HWT, B
BPETHERN ATP 0GR 21T 5 (B VB, =
o OWER 2 b3 P Y 7S mitochondrial respi-
ratory chain ¥ FERYD. 1123 by Y 7IEEREOR
BERT. 2 bhay Ny 7PRREE, E54 (NADH-
ubiquinone oxidoreductase), II (SDH-ubiquinone oxido-
reductase), IlI(ubiquinone-cytochrome ¢ oxido-
reductase), IV (cytochrome ¢ oxidase : COX) & FEifi 5
L ODEEEEE» SR AN, S IR THERE
TELTWS, BRI ATP &R EE&K V) TATP
DERBTbIE. S bay P 7IHESEO 1 -VOoESS
DI XS5 3 DDEEVPEFEECEILETHS. Th
%1% dihydroorotate-CoQ oxidoreductase (DHO-QO),

ERTHREERREG v v 5 —FRE//NNEMER
ERTRERRG S ¢ > 7 —//NEER

TEZ UTHB
TEZ X3

B FR BILEBETF

electron transfer flavoprotein-CoQ oxidoreductase
(ETF-QO), adenosine nucleotide translocator (ANT) T
HBHEED., T harPNUT7TORBEIEF DM coenzyme
QCoQ, X/ ), Frr7u—L b, CoQlEAN
BERsEHRCEIXELY, BFEEELLD HY 2Bk
WRAHHTEEZ LT3, WAIETE, ATP @ 80~90%
&, T rar NV T TORMY vBbic L D ERENS
W, —HFIraryF U7 ATP & L CHlRDE 2
Brarutnd, 7R b=y 2 bBES LR OMER

BHR mpR
NN
/ Acetyl CoA -

-NADH

|

[as]

-ADP ATP

NADH . NAD™+H* =/\oB  JTLE

CoQ

!ntermembs

space

H+

H+ w“_”

Ht+

=1

3 RO K OB

HEWI HERI BwEHII BEEWFIV
EA NADH- SDH- Ubiquinone- Cytochrome ¢
ubiquinone ubiquinone cytochrome ¢ oxidase
oxidoreductase oxidoreductase oxidoreductase
Y7ozt
nDNA 43 4 10 10
mtDNA 7 0 | 3
674

ETF-QO ANT

'BEEV

ATP synthase

DHO-QO
Dihydroorotate- Electron transfer Adenosine
CoQ nucleotide

oxidoreductase CoQ
oxidoreductase

flavoprotein-
translocator
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REGBREERL-L TS,
0 manraEs i
BERER1WORT IS ESHRIZERE, s bR
) 7 DNA (mtDNA) * # DNA (nDNA) O i # 12 72— I
ENBEROY T2y b osEREIN TS, #-T3
Fay P Y PREOEZE, mDNA OEFEERTHIEE
FolBE %R T2, nDNA OEE ThiE Mendel #HEER
Zr%. Ll mtDNA OEAREIZEZDDRIFLAY
PIFEFITH 5. &7 5ol R BERO mtDNA 28R L T
WAEIDIRESINY, SBISEFDHADOBPEBLETH
5, —RREERER OBIE T, pedigree TEA L B IZER
L, I OEEVPEBELTWAFRTIHI bay NI T
7%, Fic mtDNA O SERBFEHLN LY,

EEE |
—EENC 3 b 2> F ) PR IE multisystemic ZRERE B

o

2 MELAS 8238281} 5 ragged-red fiber
Gomori- + V) 7 71— A,

MERRFZ#

COXR# ATP6ER

mtDNA
PDHCK R > LEIGH SYNDROME |« geletion

VRN

Complex IRI& Unknown

EROVRUPERRIE
A B
3 Leigh 5
A) BEECT prfl. MAIEBEZOERESTD 5N 5.
B) BERO LR

mDNAZE R

T35, B, B DERZORTHIEEERZIR T wiES
Thd. #OOERMBICIZHEREBWT, b,
BYE, SALFRETHhNL S Z E93%\», ragged-red fiber
(RRF) (2 2) 3t s ba v N 7R OEE
BHET, T AP Y TREFED 70~80%CABN 5,
LBLIRTOE Ay FYTEEFECRDSNEENLT
BV, HInDNAOERIC LA LEZSNZERTIE
RRF gt AR L 2w, EFERERREOZH Tidd
PREELE U OB, MR, U 2 SBRE ETESE
BREEIEE SN, HEROBRRIIEROBRLE
%0, BREESHORFREBCEESNTLZETHD,
IR R DTN S0 X o Th RINCEE ERT
WA 5 OT, FEHEELZRTHICEBEL BEFCOVLTE
BLEBSIERT 2 2 EBBRETH LY. —RiC, EEHE
I+, T+IITOFEBEETEALNLHEEIE CoQ DR
Ok ESET, 11, I, 8L U aconitase DT T HME
TFTL T 338413 iron sulfur protein O&EE, E&E1,
0, I, VIRTOEETHENEEESDOI ba vy FI7T
~ADFREEE, -1 mtDNA DRSS, HEE ], IVKRIE
THNIE mDNA OHEE, RERZEEZED Z LN TE
%9,

B 2

3 har MY PROFEEHEE XK 10~15/100,000 A &
WhRTWw5H, ERERCIELNARY P T L8H S
e, EBOBBREZILSIDLEZDOTRERVOIEEZLS
N3 I baryP)7ROFBECIIRFEOREND S.
2% D, &% mtDNA (mutant mtDNA) ZIEHE mtDNA
(wild mtDNA) & 3 & & g 28& Tk, BHRcamLT
V2% (heteroplasmy) 72 0, ERCEHFEESHED >N 5. &
Jo, FEREWCEBICR, BEI NIV P THREDEEDHL
ETZFOME, BRCEEL TV IOrPEET, &
mtDNA D58 2 LR H 2 BERE 2 2 HE W RIEI D
RSB &2 b5 (threshold effect) . L7zh3- THEHE
FaYFUT7EELTOTHEEMT THNIEERT
Holeb, BETH-720 LEROERE, HEIZIEWAR
JrILEETHEIEERSL. I by T IiE ubiqui-
tous IWTFEEL TW 3D, &AM ICRENCEE I bar
F U 7 aMRAET 5 (skewed heteroplasmy) & 23H 1,
IEa R R ER e R T e &R 5.

SFavRITEOL I —00OREE LT, ERLEE
FERETHY W SE—DEBORGEEELRZD, —D20
BETEETHD RS, RIRBIPSGHETH 70T 5.
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b K17 DNA

= =7y
WETER R it

Single deletions  KSS I, I, Iv
PEO I, I, Iv
PS

tRNA mutations MELAS I, O, Iv
MERRF I, I, Iv
Multisystemic I, I, Iv
Myopathy I, I, Iv

ND genes* L.HON I
MELAS I
LS I
Myopathy . I
Dystonia I

Cyt b* Encephalomyopathy m
LLHON il
Myopathy 1
Septo-optic dysplasia il
Cardiomyopathy I

COX genes™ LS v
Anemia v
Myopathy v
Encephalomyopathy 1\
ALS-like syndrome v

ATPase 6 genes* NARP A
MILS A%
FBSN v

51 2 1F Leigh syndrome (LS) i3 FIEIO R ER:, B, /Ny
7 I HREGR EREESRED o h, SILERIME SRS BT
BB TH BH, HHE L LT heterogenous 75 JE R 5%
HEEINTWE(E3A B).

BT CEREERISESBEBREEDZ T hOKIE
PR UL AMENSEICZ > THERZ SN A 5E0% 0
2, BTHRS LS ENTNOEEHROBEETHE—~DE
BOAEHETEZ2bDOTHRL, £EROESEDOR

Bobhby, —KELHO, KL LD SEEIXE
HThH3, SEHRBESEILIERE2RRE LY, BEF

DEA L EEHBREOEENEES bbb TGz
FrT A BBEEBICOVWTOEMIMATECcoOTRESR
iz LT E T,

| BEFERr s baL R FEEERES

(#2)?

R2WCETHEELFRE LESEER, REOBKRIZOL

# DNA

ETxRD5E%

M= g =
BEFER FRER & DR SRR S
NDUF genes* LS I
Leukodystrophy I
Encephalomyopathy R
SDH genes* LS II
Paraganglioma . II
Pheochromocytoma II
BCS I L LS I
GRACILE syndrome i gl
COX genes Infantile myopathy IV
SURF | Ls , v
SCO genes Hepatopathy IV,
Cardioencephalomyopathy IV
Leukodystrophy v
/tubulopathy -

*ENIEESHY 712y P A3 FT2HEETF

KSS : Kearns-Sayre syndrome, PEO : progressive external ophthal-
moplegia, PS : Pearson syndrome, MELAS : mitochondrial ence-
phalomyopathy, lactic acidosis, stroke-like episode, MERRF myo-
clonus epilepsy and ragged-red fiber, ND : NADH dehydrogenase,
LHON : Leber hereditary optic neuropathy, LS :Leigh syndrome,
COX : cytochrome ¢ oxidase, NARP : neuropathy, -ataxia, retinitis
pigmentosa, MILS : maternally inherited Leigh syndrome, FBSN :
familial bilateral striatal necrosis, NDUF : NADH'dehydrogénase
ubiquinone oxidoreductase, = 'SDH i succinate “dehydrogenase,
GRACILE : growth retardation, aminoaciduria, lactic acidosis; and
early death. B S

TE DTz,
mtDNA OEFIZE I (B EERERE

mtDNA OREFEwE IS EEHBREEOBE LREIX
13 1 OWIE TR, EROEEEIBE SN IBEED
%>, mtDNA O deletion TI3EE & LT KSS, PEO 3%
EINTVLEY, EEHRBEROEERER(FEI, 10, IV)
WEEERTEENS W, 23 b ar P Y 7EEARE
BEbH 2 tRNADEE T, EE L L TMELAS(A 3243
G¥7 &), MERRF (A 8344 G0 B)YBF A TH N, R Y
BROEESEERI, I, V)OEEZEE2BZY. s rayv
FU7EERY 72y b 22— FT2BCTFHORET
BIREZERERIED s b, EE&E 1 O ND BEFT
13 MELAS, LHON, LS, &% D cytochrome b iEn
FCIEBIRIE S 4 8F =V (EBIEFC £ 2 5ER),
LHON, encephalomyopathy 7z ¥234 &5 h 3. HEEIVO
COX HETFTHHEBNWELELERETRT. EE&EV TR
NARP, MILS, FBSN #8#i&ahTw3dY,
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(=] nDNA OEEICE D BHEERETRE?

2 hay Y 7HREESEE 2~ N T 3 EETFOKRE
SFEISEBET)INDNATH B3 2 L id, SHE I
nDNABEFREET LI Fa Y FY 7RENHEEL T <
ZHEEHETRBL T3, ARy T2y b Ra—
FLTWBEBEFLSN T, 3722y b D assembly, inser-
tion WG T 2 EAR EMVK 60 EETH D, EEEESE
KHboTwa, HEKOY 72=vb2a—-FT 53
nDNA OEE TRET LI a vy FUTERERESHKI, I
KOHIEHONSG, EEET O NDUF BEFRETIE
LS, leukodystrophy, encephalomyopathy 23, &I D
SDH #{=TE% TIE LS, paraganglioma, pheochromo-
cytoma 72 ¥ OENH 5, ficEHEHEOY T2y bD
assembly ® insert Wb > T AEEEFTI ba v
V7R ER T2 b0 SURFIBEFT, 20EBEFERE
BREESHEIVOBET EERERE LTLSBSHEIRATY
% SCO2, COX15 1% cardioencephalomyopathy 2,
COX10, SCOI B ZhTnElg, HErEEST 2. 0ok
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2, deoxyguanosine kinase %z ¥ CH 2 (Z 15 HifE &
Wahicw), S raryFY7ESEY 722y v 2a—F
95 nDNA TES®EIL IV, VOBEGFEEIC L 2EER
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(8] SEDER
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EE —%—7—]-‘\*1 ° *9/1. ?“.7&9%*2 ° k&ﬁ Et%%

ERNE 2 /AN & BB EEFE RN - BRREC b DIIRE R, Wi AogeET

TS 5 L TIROBIET, HTESL FFICEUBAR, REHEEEEE T LT, 5
WTOECMBENE 2RO 2, HKER, WERRD o BMEEENEEMES FRRMRER
(CIDP) 2Hilize WARA 7 o4 FIRENERL, BKEROZFRLZWGZE 2RO, K
REF/NRICB W TRHEBEHRTH Y, KOO L S i FREREE ZERIC b DESNIC CIDP

BEHLIBEORESIC OWTNWEBZE2INZ THRET 5,
(NBRBESER 59 : 67, 2006)
KIEIY] WIOIRIDISTY chronic inflammatory demyelinating polyneuropathy (CIDP), FHIEEE, 5

ERREER, X70AF

= by ) A

iE Bl

&M REME R 2 FIRM R (chronic

inflammatory demyelinating polyneur-

opathy : CIDP) 131975412 Dyck™iz & D&
ESNEAFRTHY, B - ERERARE
B3 B R OFIGHBBEERETH B,
Zhncid, P 2 B EORBTE
U 2Ll E DT & 72 I3 BRI E SR
PERMEEIEE, 7 LTI OERER S O
ETEREESLEEB L% 29, 56
K23, SRAET & BEBEER T ER
PEPERIC L CIDP O 1 /NEHI% 55
L7zDTERET 5,

FEF : 115%, ER

E5F | L TR, STESE

BRAERE | SERLITAE 3 20 HTERG38E I THY
4, HAEKE?2 400g, FERRFEDV, &
FANFRERD Tz, SEEFICHATRE, BE
BB L. BREEfRIITHATH 503, EHTI
oL TEERED sz, BEETBEERS
8. BEEEe L, REEEFRIGEFTF,

RIERE Rt T NEEHEL L,

IRMRME | ERR12ES AR A (1K) »
SHEEFMBLLY (TIBPASLV) BRF
T, ¥ 1EBE»SILE D EXT, NAnA

1 EEBERR B (T421-0493 B EHEERETMITI087-1), «2 ERHREERRE LI —,

#3 L ERERMKRESE
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THEIWCkollzd, FEI2E6 A 2 HY
Blolser 22 Uiz, % 0BYBEOERIEL
BHEARI D Z2 L 7, HE CT, 5%
MRI z2fT L7 B8 E S L, 7 Bl4H 4%
=2, THTHUCHMEARL-, AREHE
& MRI fEifT9 % b BE RO T, FHEER
TR R TEE, BEREE615mg/dl &
+HEEEDI, CIDP »5bi, 8 H 3 HE
BEEHII CYRhCEABR L,

AR AR | HR131em (—1.8SD),
fAE15.1kg (—2.9SD), E#HEH, LiE
HICERERrRe L, [BHER - B ] /N, B
BESZeH, IRMBEE, Evwa3, [1HE]
f8F K- 2 BEIESEIR, [HEK]
FIFREE, MSI AU TR DR TH
277,

EFHITT A b TR EW_ER - ZEHT
3/5, RERIYEERS - BEIRAD T1/5, ISR -

BEREA « /NMEERS IZRETRETH > 7z, BEH
FER G L - ThE %k, RAIRSIZED

BN oI,

ABGEHRERR | SRIBIM—MiRE, RER,
Mg L, Mvk, SUEFRIRE L, MR
BT, TPYEREREEE LR, PR BBk
DAVZEFE 2 L, fRREITEHZESME
REEEE L (R1), MBEFHA 7V 4
Y FEOHME (GM,, GDw, GQu.) X,
myelin-associated glycoprotein (MAG),
sulfoglucuronosyl paragloboside (SGPG)
bBRETH o7, RBEHEEERE X, £IF
FRRE, ABFEMR L b ICEHTRETH - -

(&2),

BRIRIEE | B S L UEEERER D 5,
KEMHRET AT S —D2MEEN XD,
probable CIDP &#ZMilL7:c 8 H4HED
VR =v o 30mg (2.0mg/kg/H), £ 3
>B1.1,000ug/HOEHEZEG 2R L 72, #&
GBS HE» S X VEWD, 25HEH» 5
128, 41HE» SO0 F DA R R 2
ZE, Ho»REBREROBELTED 51

K1 AIRFHRERR

68 (68)

I — AR A TIEF R
WBC  5.8X10%ud T.Chol  185mg/d{ IgG 1,429mg/d2
RBC 4.36X10%uf TG 155mg/dé IgA 53.8mg/dL
Hb 12.2g/d4 Na 139mEq/L IgM 101.6mg/d2
Ht 36.0% K 4.2mEq/L 7IRERARES (=)
Pt 27.7X10%uL Cl 96mEq/L H.DNA LA (=)
MEAELFRE Ca 9.6mg/d{
TP 7.4g/d8 Glucose 92mg/d2
Alb 4.3g/dd CRP  0.08mg/d¢
AST 2210/¢ ESR 15.0mm/h AR
ALT 111U/¢ R—fgtas MfEE 1000 »o8Ek 1)
LDH 37710/8 HE 1.015 ¥ 74g/dl
CK 15110/8 pH 7.5 Cl 120mEq/L
ALP 2871U/4 EH (—) EH 615mg/d2
v GTP 111U/8 HE (=) IgG 42.1mg/de
LAP 501U/¢ NP (=) FUITraF— (—)
BUN  12.0mg/d¢ il (—) JAVEN
Cr 0.4mg/d4 B IER (2+) 33 VIEEEEH
UA 4.1mg/d¢ =0.5ng/mé
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*1 EEREEEERR

Date of Exam. Nerve MCV (m/sec) c . (mV) DL (msec)
Dist/Prox

Rt. Median
Rt. Ulner R
Rt. Tibial

Aug. 4,2000
Lt. Median
Lt. Ulner B NEE
LRt. Tibial
Rt. Median 14.08 0.44/0.75 39.2
Rt. Ulner 3.78 1.40/1.01 31.4
Rt. Tibial 6.19 0.13/0.16 63.0

Sep. 7,2000
Lt. Median 6.03 0.14/0.70 29.7
Lt. Ulner 3.75 0.90/0.72 29.4
Lt. Tibial 8.42 0.15/0.16 48.2

Jzo WERBIIHBEZIEFERZ DR WTHT 3
X2 oT, RIBWRCERE L, 1BERH
RESHET, BT L TWw3 b O0EHATRE
otz (R2), BEREB X, BERLE63H
Hizid1llmg/WCETF L2, RV
TS HA6HE £ D . BBEFIZTI2
mgf@ H#% 5 DR T10818E (AB77HEH)
WIBBE LTz, IBRBEROBE D RIFT, BB
10100 B i3 mABAIRE W i o Joo HEERIER
X, WwERRIZZHEZ A2 o@Bdon 3
LWk ol BAE, FELAT & IIZRIED
HESEWLARE L 2> TWw3,

B

AEEGITIE, FHED» S RERRE TIC/H 3
WRAEBEL, TOEBRELT, BRIZEE
DREMESFZER P BRI OFEREIR
Tholzled, BRE»6DERMLEIC L BE
REISRETDH D, FBESY [Srino
] Ehed [HFnwohr] 2PREIT5 2
EDREE L oTc, L, MEIRFEHRTRD S
KBED = 2 —u 8F —08Ebh, WEFRR
b & CIDP O2ZE¥E (“probable CIDP”)?
Zlled = a—usNF— 2 LT,

KFwwB> 5 CIDP OFFEXREF, AMIL0
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R, ARE2EDHOLOILFEHRMBIZA SN
BEHEINTOBEY, UL gh s RKE
TiF, 15U T /MR 2w T CIDP 0
FNZ D2 O T DW TR, 19914E1
KEMEET AT 2 —12C CIDP Oz
ENRIEEIND F CRIEBESOTHETH
o727, CIDP OBEENREBI N TE:
ATREMEDSTEIE S T 519,

CIDP 13:E8), BREROFRBHRICKT %
BHEETED 5 VIR O BFEME S R
BAT, REOBFRITHZEDZ W, &
BEEHBREEEEZONT LB, 20D
FEWCIT L CREIBERER T oA NEESLE
MEFO®Rs, fEs7a7Y) v AKEERE R
E, FUERREBOBEE(LEEE L LTERAS
NTwb, KEFITIREIBEEEAT A4 R
23, AT o4 REEFIEROBERIIF
oL »rolz, MESIN TV E/NEDEE
e DWTiE, 1ISEFFA7a4 F (LA
BEERESD) BENIH, v o7V vEE
282 B, MEEATHREREDS 141, BARERDY 1
BITHY, AT oA FEEREERLUIGESD
Lhots (R3), yr/urY EE M
FHEEDEFNIC OV T HEFNEA T a4 K
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%1 A#MIZHF5 CIDP OIREH
W | WEER | M| Rh | ERRE wams | “ 22| MAG |SGPG [GM1|GD1b
HEG| 1986 |B| 2% %L L r=voy v =3
BES | 1988 | % |14 2L A P
BEHS | 1989 | |12 — VA =Y = &
VNEINY 1989 | B | 11 L T F=var o
WS | 1989 | & | 128 — HLU(ARER) | &
RS | 1989 | B | 13% — -
Taku® | 1990 |#& | 8#% L y 7T v il
Bgn | 100 |B\og | TEEER Loy | &
EHS | 1002 | % | 13% — FL F=vnay B
EAs | 1993 | & | 115 %L T F=vn v H —_— ] — | | BB
IR S 1993 | B | 115% L AR =Y s 5
NFRS | 1993 | & 5 — A = = % H
F55| 1997 |k| 8% — FUR=var| & | x80
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The therapeutic efficacy of neural stem cell transplantation for central nervous system (CNS) lesions
in lysosomal storage disorders was explored using a murine model of mucopolysaccharidosis type
VIi (MPS VII). We used fetal neural stem cells derived from embryonic mouse striata and expanded
in vitro by neurosphere formation as the source of graft materials. We transplanted neurospheres
into the lateral ventricles of newborn MPS VII mice and found that donor cells migrated far beyond
the site of injection within 24 h, and some of them could reach the olfactory bulb. A quantitative
measurement indicated that the GUSB activity in the brain was 12.5 to 42.3% and 5.5 to 6.3% of
normal activity at 24 h and 3 weeks after transplantation. In addition, histological analysis revealed a
widespread decrease in lysosomal storage in the recipient’s hippocampus, cortex, and ependyma. A
functional assessment with novel-object recognition tests confirmed improvements in behavioral
patterns. These results suggest that intracerebral transplantation of neural stem cells is feasible for
treatment of CNS lesions associated with lysosomal storage disorders.

Key Words: neurosphere, mucepolysaccharidosis type Vi, intracerebral transplantation

INTRODUCTION

Mucopolysaccharidosis type V1L (MPS VI, or Sly syn-
drome, is a congenital lysosomal storage disorder (LSD)
characterized by a systemic deficiency of p-glucuronidase
(GUSB) activity |1]. This defect results in a progressive
accumulation of undegraded glycosaminoglycans and
subsequent lysosomal distension in multiple tissues,
including the central nervous system (CNS). Enzyme
replacement therapy and bone marrow transplantation
are effective for correcting visceral manifestations of the
disorder |2.3]. However, effective treatment of the CNS in
patients with LSDs remains a major challenge.

With respect to cell therapy directed to the CNS in an
MDPS VII mouse, there are reports that the intracerebral
transplantation of a genetically engineered neural pro-

Abbreviations nsed: CNS, central nervous system; GUSB, p-ghicuro-
nidase; MPS VIL mucopolvsaccharidosis type VI

genitor |4] and retrovirally transduced syngeneic fibro-
blasts 5] corrected the lysosomal storage of the recipient’s
brain tissues. We also previously reported that adeno
virally transduced rat amniotic epithelial cells injected
into adult MPSVII mouse brains survived at the injection
point for more than 9 weeks and the subsequent supply of
enzyme resulted in pathological improvement in multiple
areas of the MPS VII mouse brains |6].

In this study, we used fetal neural stem cells derived
from embryonic mouse striata and expanded in vitro by
neurosphere formation |7,8] as the source of graft materi-
als. Neural stem cells are considered to be good candidates
for cell therapy to treat CNS dysfunction. In fact, fetal
neural tissues have been successfully used in human
Parkinson disease patients |9,10]; however, as many as
four to eight fetuses were required to obtain a sufficient
number of cells to treat a single patient. Expansion of
neural stem cells in vitro may overcome the above practical
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and ethical problems associated with fetal tissue trans-
plantation and provide a source for graft material.

Here we describe improvements in the histopathology
of the hippocampus, cortex, and ependyma and in non-
spatial hippocampus-dependent learning and memory
evaluated in a novel-object recognition test at 2 months
after transplantation. These data suggest that early trans-
plantation of neurospheres into the CNS may prevent or
delay some of the progressive mental impairment associ-
ated with this LSD.

RESULTS AND DISCUSSION

Production and Secretion Capacity of GUSB Enzymes
by Neurospheres

The neurosphere is a floating cell cluster containing plenty
of neural stem cells and is generated from a fetal mouse
brain by neurosphere formation [7,8)]. Briefly, when we
culture fetal corpus striatum containing neural stem cells
in a serum-free medium with growth factors, only neural
stem cells can survive and form floating cell clusters called
neurospheres. We initially determined the endogenous
GUSB activity of neurospheres obtained from normal
C57BL/6 mice. The GUSB activity of the neurosphere
and its culture medium proved significantly higher than
that of bone marrow cells (Figs. 1A and 1B). We also
evaluated the difference in GUSB activity before and after
differentiation. Most neurospheres differentiate into neu-
ral cells in vivo according to their microenvironments after
transplantation [8]. The GUSB activities in differentiated
cells and their culture media were almost equivalent to
those of bone marrow cells, suggesting that the GUSB
activity of the neurospheres was reduced, although it was
maintained to the extent necessary for a therapeutic effect
even after differentiation.

Intercellular Transport of the GUSB Enzyme

It is well known that most lysosomal enzymes can be
taken up into cells by M6P receptor-mediated endocy-
tosis, and that this process is efficiently blocked in the
presence of M6P [11]. When we transferred the culture
medium of neurospheres generated from CS57BL/6 fetal
mouse brains to dishes of the primary culture of neurons
generated from C3H mice, 21.9% of the heat-stable
C57BL/6 mouse-derived GUSB in the culture medium
was internalized into the neurons in the absence of M6P
(Fig. 1C). In contrast, it was significantly reduced in the
presence of 10 mM Me6P (Fig. 1C). This suggests that
endocytosis by M6P receptors leads to the internalization
of the GUSB enzyme secreted from the neurospheres to
the neurons.

Lysosomal Enzyme Activities of the Neurosphere

Many LSDs display CNS symptoms. Most lysosomal
enzymes have common transport systems mediated by
the M6P receptor, and therefore the same transplantation
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FIG. 1. Neurosphere GUSB activities and secretion via cell-to-cell transport.
Lanes 1, neurospheres; 2, differentiated cells from neurospheres; 3, bone
marrow cells; 4, 3521 cells {fibroblasts that originated from an MPS VIl mouse).
The GUSB activities of the neurosphere and its culture medium proved
significantly higher than those of bone marrow cells. The GUSB activity in
differentiated cells from neurospheres and that of its culture medium were
almost equivalent to those of bone marrow cells. (A) GUSB activity in cell pellets
of the neurosphere, bone marrow, and 3521 cells. (B) GUSB activity in a culture
medium of the neurosphere, bone marrow, and 3521 cells at the time of the first
passage. (C) Cell-to-cell transport of GUSB secreted from neurospheres. The
ratio of the heat-stable GUSB activity in C3H mouse neural cells to the total heat-
stable GUSB activity in the culture medium was calculated. The means +
standard errors are provided.

strategy could be available if neurospheres can produce
and secrete significant amounts of lysosomal enzymes.
We determined the specific activities of several lysosomal
enzymes in neurospheres and compared them with those
in marrow stromal cells and human granulocytes. Similar
or higher activities of lysosomal enzymes were identified
in the neurosphere (Table 1).

Distribution of Donor Cells after Neonatal
Transplantation

We performed a syngeneic transplantation experiment
using neurospheres obtained from CAG-EGFP transgenic
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TABLE 1: Activities of lysosomal enzymes in the neurosphere and their related diseases®
Lysosomal enzyme Disease Neurosphere MscP Granulocytes

a-L-lduronidase MPS | 39.2 57.4 56-201 (n = 6)
lduronate sulfatase MPS It 40.5 20 12-26 (n = 5)
Heparan-N-sulfatase MPS lIIA 1.1 4.3 02-3(n=4)
GalNAc-6-5-sulfatase MPS VA 53 15.2 8.1-20(n=15)
Arylsulfatase B MPS VI 55.3 15.5 9-32(n=215)
3-Glucosidase Gaucher disease 3.0 6.5 0.2-0.6 (n = 100)
a-Galactosidase A Fabry disease 189 68.8 49.8-116.4 (n = 48)
p-Galactosidase MPS VB 501 309 37.6-230.1 (n = 100)
a-Mannosidase a-Mannosidosis 61.0 48.0 121.1-345.1 (n = 100)
p-Hexosaminidase Sandhoff disease 1024 3062 401.7-1426.0 (n = 100)
-Hexosaminidase A Tay-Sachs disease 527 481 251.1-607.4 (n = 48)
Arylsulfatase A MLD 435 278 109.0-217.2 (n = 100)

? We quantitatively assayed for a variety of lysosomal enzymes as well as GUSB. Several kinds of lysosomal enzymes were found to be high in the neurosphere. This result suggests that the
neurosphere may be applied for the treatment of different types of congenital metabolic disorder. Data are given in nmol/mg protein/h. Enzyme activities in human granulocytes were

measured as described elsewhere [27].
b MSC, marrow stromal cell.

mice (C57BL/6 background) as donor cells and newborn
MPS VII mice as recipients. We injected 2.5-5 x 10*
neurospheres (Fig. 2A) into the lateral ventricles of
neonatal MPS VII mice within 1 to 3 days after delivery.
A large number of donor cells were located mainly in the
periventricular area at the hippocampus level in the
brain, but a small number of GFP-positive cells were
observed at varying distances away from the periventri

FIG. 2. Distribution of the donor cells in a mouse brain
following transplantation of neurospheres. (A) Neuro-
spheres generated from GFP transgenic mice under a
fluorescence microscope. (B) A slice at the hippo-
campus level in the brain at 24 h after transplantation
under a fluorescence microscope. GFP-positive cells
were located mainly in the periventricular area. (C) A
slice at the olfactory bulb level in the brain at 24 h after
transplantation. GFP-positive cells were also detected
under a fluorescence microscope; some of them were
found to form a line (a chain migration). (D) A slice al
the hippocampus level in the brain under a fiuores-
cence microscope at 3 weeks after transplantation.
GFP-positive cells were found 1o be branched and to
form a network with the recipient brain tissue. (E-H)
The brain of an MPS VHl mouse at 24 h after
transplantation of neurospheres. The recipient brain
was stained red by GUSB staining in accordance with
the GFP-positive area. (E-G) Coronal sections of the
telencephalon at the caudal level. (H) Olfactory bulb.
() Quantitative determination of the GUSB activity was
performed at 24 h and 3 weeks after transplantalion.
The brains of the transplant recipients were divided
coronally into three parls and quantitatively assayed
for GUSB activity (n 3). The regions used for
evaluation at the designated limes were defined by
anatomical landmarks in the anterior-to-posterior
plane: a, olfactory bulbs; b, caudal edge of the
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cular area at 24 h (Fig. 2B). We identified some of the
GFP-positive cells in a linear formation at the level of the
olfactory bulb, indicating a specific manner of migration
in this area that is referred to as chain migration {12] (Fig.
2C). The overall distribution of the donor cells through-
out the brain was essentially identical in all mice
examined histologically (n = 3), with findings similar to
previous reports [4,13-15]. There was evidence of GUSB
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staining in accordance with the GFP-positive area,
indicating a rise in GUSB activity (Figs. 2E-211).

We previously reported that neurosphere-derived
donor neurons extend their processes into the host
tissues and form a synaptic structure [8]. The GFP-
positive cells had extended their processes and formed
synaptic structures as well 3 weeks after transplantation
(Fig. 2D). These data suggest that the donor cells
migrated from the periventricular area and some of
them reached the olfactory bulb as early as 24 h after
transplantation.

Quantitative Gusb Assay in Transplanted Mouse
Brains

We divided the brains of the transplant recipients
coronally into three parts and quantitatively assayed
them for GUSB activity at 24 h (n = 3) and 3 weeks (n =
3) after transplantation (Fig. 21). GUSB activity was 12.5
to 42.3% of normal activity at 24 h. There was 5.5 to
6.3% of normal activity at 3 weeks after transplantation.
This is an amount at which that lysosomal distensions
in the neuron and glia could also be reversed |16]. These

results imply that donor cells provided the recipient
brain with GUSB activity to the extent that lysosomal
storage in the recipient brain could be prevented for at
least 3 weeks.

Histological Analysis and Tumorigenesis Assessment
of the Treated Mice

We tested the treated MPS VII mice for reduction of
lysosomal distensions in the neurons and glia at 2 months
aftertransplantation (n=2) (Figs. 3 and 4). We performed a
histological analysis on hippocampus, cortex, and epen-
dyma using an optical microscope (hippocampus, cortex,
and ependyma) and an electron microscope (cortex). In
the hippocampus of the untreated MPS VII mice, most of
neurons contained marked cytoplasmic vacuolation (lyso-
somal storage) as well as astrocytes. In contrast, those of
the treated hippocampuses were almost eliminated espe-
cially from neurons in this area. In the cortices, we also
observed extensive neuronal and glial vacuolation, and
the treatment reduced them remarkably as well. An
electron microscope demonstrated that lysosomal storage
in some neurons was completely eliminated in this area

FIG. 3. Toluidine biue-stained, 0.5-um-thick sections
from the hippocampus, cortex, and ependyma are from
2-month-old MPS VII mice (n = 2). Intraventricular
injection of neurospheres decreases lysosomal storage
in the hippocampus, cortex, and ependyma. Black
arrows indicate distended vacuoles in neurons; white
arrows indicate storage in glia.
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FIG. 4. Electron microscopic analysis of lysosomal
storage in a mouse brain following transplantation of
neurospheres. (A) Cortex of a control untreated MPS
VIl mouse at 2 months after transplantation. Abundant
white cytoplasmic vacuoles represent distended lyso-
somes. (B) Cortex of a MPS VIl mouse at 2 months after
transplantation. Lysosomal storage granules in this
area were remarkably reduced in size and number,
and those in some neurons were completely elimi-
nated. (A’ and B’) Magnified photographs of the
circumscribed areas in (A) and (B).

(Fig. 4). In the ependyma, the amount of storage appeared
to be significantly reduced in the treated mice. To evaluate
quantitatively the improvement of the pathology in the
treated mice, we counted neurons and glia containing
apparent vacuolation in each hippocampus and cortex of
the treated and the untreated mice (1 = 2, total 300 cells in
each area) in the HPF (x600). In both areas, we observed a
remarkable decrease in the number of neurons and glia
with apparent lysosomal storage, and this finding was
almost equal in two treated mice, indicating an improve-
ment of the pathology in the treated mouse brains (Table
2). We carefully assessed all transplanted mice for the
presence of tumorigenesis. We dissected the brains of the

TABLE 2: The percentage of cells with apparent
vacuolization in the brain of MPS VIl mice treated with
intraventricular injection of neurospheres® (n = 2)

Untreated Treated

Hippocampus 89.3% 17.3%

Neuron 90% 18.4%

Glia 92% 13.9%

Cortex 42% 15.3%

Neuron 37.7% 11.7%
Glia 55.6% 30%

Y Toluidine blue sections of hippocampus and cortex were analyzed for lysosomal
distention, and we counted neurons and glia containing much vacuolation in 300 cells in
each of hippocampus and cortex in the HPF (X600).

dead mice during the course of the study and macroscopi-
cally analyzed them for tumor formation, but we could not
identify any tumor formation among them.

Mouse Hearing Acuity Assessment

Measurements of the auditory brain-stem response (ABR)
have been useful in assessing functional improvements
after treatment [17]. We tested three treated MPS VII
mice, three untreated MPS VII mice, and three C57BL/6
mice. There was no significant difference in the ABR
thresholds among the treated and the untreated MPS V1I
mice (Fig. 5A). It is well known that malalignment and
focal loss of stereocilia occur as the disease progresses,
leading to a sensorineural hearing loss [18]. As the ABR
was performed at 2 months, it may have been too early to
assess the sensorineural hearing loss.

Behavioral Assessment

We used a novel-object recognition test, a tool for
studying nonspatial hippocampus-dependent memory,
to determine whether an improvement in mental status
could be achieved by transplantation |19-21]. We carried
out this test as described |19] with several modifications
at 2 months after transplantation (1 = 3). We used normal
siblings of the treated MPS VII mice as the control mice.
In summary, after the mice were habituated to an open
tield, two yellow objects (A, B) were placed diagonally in
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FIG. 5. Assessment of the functional recovery at 2 months after trans-
plantation. (A) Auditory-evoked brain-stem responses. The decibels required
to elicit ABR at the broadband (clicks) were evaluated among three normal
mice, three treated MPS VIt mice, and three untreated MPS VIl mice at 2
months after transplantation. There was no significant difference in the ABR
thresholds among the treated MPS VIl mice and the untreated MPS Vil mice.
(B) The novel-object recognition test. The mice were assessed for an
improvement in hippocampus-dependent nonspatial memory by a novel-
object recognition test (n = 3). The total time spent exploring objects on day 4
(=A + B) in the treated mice was significantly longer than that for the
untreated mice. (**P < 0.01). (C) The novel-object recognition test (retention
test). The percentage of time spent in exploring B as a portion of the total
object exploration time on day 4 [B/(A + B)] was compared with that of C (the
novel object) on day 5 [C/(A’ + C)]. C/{A” + C) in the C57BL/6 and the treated
mice was significantly greater than B/(A + B). This suggests that the normal
mice and the treated mice spent a significantly longer time exploring the
novel object, revealing that both groups had a significant preference for
exploring the novel object. The means =+ standard errors are provided.

the open field on day 4, and the mice were allowed to
explore them for 10 min. Object B was replaced with a
novel object (C) and the other object was replaced with a
replica (A) on day 5, and the mice were again allowed to
explore them for 10 min. Normal animals prefer to
explore the novel object more than the familiar object.
From the degree of preference for exploration of the new
object, it can be inferred that they retained a memory of
the familiar object. The total time spent exploring object

A or Bonday 4 (=A + B) was 27.3 + 8.4 5 in the normal
mice, 23.5 + 7.4 s in the treated mice, and 5.9 + 1.6 s in
the untreated mice (Fig. 5B), indicating that the normal
and the treated mice had the same levels of motivation,
curiosity, and interest in exploring objects. Next, to
evaluate preferential exploration of the novel object, we
compared the percentage of time spent exploring object B
as a portion of the total object-exploration time on day 4
[=B/(A + B)] with that of object C (the novel object) on day
5 [=C/(A + Q)] (Fig. 5C). C/(A” + C) in the normal and the
treated mice was significantly greater than B/(A + B)
[normal mice, B/(A + B) =529 £ 3.9%, C/(A" + C) = 68.1
+ 4.4%; treated mice, B/(A + B) = 51.6 £ 2.8%, C/(A’+ C) =
68.7 + 8.4% of the exploration time]. This indicates that
the normal mice and the treated mice spent a significantly
longer time exploring the novel object, revealing that both
groups exhibited a significant preference for exploring it.
These results indicate that the treated mice have the same
level of nonspatial hippocampus-dependent memory as
the normal mice. But we cannot completely deny the
possibility that the vision had an influence on this
improvement of a novel object test.

To date, there are reports demonstrating an improve-
ment in behavior of treated MPS VII mice assessed by a
Morris water maze test [22,23]. We used a novel-object
test because it is very easy and less of a burden on the
mice than the Water maze test. Consequently, it is
easily applicable to mice with motility disturbance, and
we thought we could maximize mouse performance
associated with visual recognition memory. The long-
term etfects of this treatment have not been examined
in detail. The treated mice lived to 7 months of age at
most. Transplantation of neurospheres did not extend
the life span of MPS VII mice. Life span may be
dependent on systemic lysosomal storage other than
the CNS.

In summary, our results demonstrated that after
transplantation of in vifro-expanded neurospheres into
the neonatal ventricle of MPS VII mice brains, the
transplant donor cells migrated along established routes
and integrated into the recipient’s brain. The treated
mice exhibited improved cognitive functions as meas-
ured by a novel-object recognition test, which was
consistent with histological evidence of reduced lysoso-
mal storage in the brain tissue.

MATERIALS AND METHODS

Animals. Syngeneic MPS VII (mps/mps) mice were obtained from a pedigree
colony of B6.C-H-2"!/ByBir-gus™"/+ mice maintained at our facility [6].
Normal C3H mice were purchased from Shizuoka Laboratory Animal
Center (Shizuoka, Japan). CAG-EGFP transgenic mice were originally
generated by Endo et al. [24,25]. All mice were maintained and treated in
accordance with the guidelines of the animal committee of the facility.

Isolation, primary cultures, and passaging procedures of neurospheres.
Embryos were removed from CAG-EGFP transgenic mice on day 14.5 of
pregnancy. The corpus striatum was dissected and prepared as described
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elsewhere [7]. Neurospheres were cultured in the medium described below
at 37°C with 5% COa at a concentration of 2 ~ 10° cells/ml in the primary
culture. The culture medium was DMEM/FI2 supplemented with the
hormone mixture used by Reynolds and Weiss |7]. Passages were
performed once per week. Neurospheres were used for the transplantation
after the second to fifth passage.

Cell-to-cell transport of GUSB secreted from neurospheres. We evaluated
i vitro the uptake ratio of the GUSB enzyme secreted from neurospheres of
C57BL/6 mice into neural cells of C3H mice by using the difference in the
heat stability of GUSB proteins between C57B1/6 mice and C3H mice. In
brief, GUSB activity of C57BL/6 mice was reduced by only 30% after a 2-h
incubation at 65°C [11]. In contrast, GUSB activity of C3H nlice was
decreased markedly after this procedure. We prepared a culture medium of
neurospheres from C57BL/6 mice after 1 week incubation. We replaced the
medium of primary neurons of C3H mice with the above medium,
continued to culture in the presence or absence of M6P, and harvested 12
h later. Heat-stable GUSB activity in the homogenates of C3H mouse
neurons was measured after a 2-h incubation at 65°C.

Quantitative analysis of GUSB activity. GUSB activity in tissues and cell
homogenates was quantified using a fluorometric assay described
previously [26]. Neurospheres were guantitatively analyzed after the
second to fifth passage. Differentiated cells were obtained from neuro-
spheres by converting the culture medium into DMEM +10% FBS. We had
previously demonstrated that these cells differentiated into neurons,
astrocytes, and oligodendrocytes by immunological staining (data not
shown). Bone marrow was isolated from C57BL/6 mice and cultured in
DMEM +10% FBS. Attached cells were collected alter the second to fifth
passage and analyzed for GUSB activity.

Histochemiical detection of GUSB activity. The mice were perfused with
physiological saline and subsequently with 4% paraformaldehyde before
preparation of the brains. The brains were equilibrated in a 30% sucrose
solution {4°C, overnight), frozen in M-1 embedding matrix (Shandon,
Pittsburgh, PA, USA), and then sectioned on a cryostat. Histochemical
analysis of GUSB activity was performed on 20-um-thick frozen sections
using naphthol AS-BI f3-D-glhicuronide (Sigma) as a substrate [26].

Lysosomal enzyme activities of the neurosphere. Lysosomal enzyme
activities in neurospheres, the marrow stromal cells, and human
granulocytes were quantified using a fluorometric assay as described with
some modification [27].

Histopathological analysis of lysosomal storage. Histopathology in
neurons and glia was analyzed at 2 months after transplantation,
corresponding to 2 months of age (n = 2). Tissues were isolated from
the mice and immediately immersed in cold 2% glutaraldehyde in 0.1 M
cacodylate buffer, postfixed in 19 osmium tetroxide, dehydrated through
a graded series of ethanol solutions, and embedded in Spurr's Medium
(Polyscience, Warrington, PA, USA). Toluidine blue-stained, 0.5-pm-thick
sections were analyzed for evidence of lysosomal slorage in hippocampus,
corlex, and ependyma. Cytoplasmic lysosomal distensions in the cortex
were also evaluated with an electron microscope.

Auditory brain-stem responses. ABR examination was performed 20 min
after anesthesia in a quiet room, as described previously {28},

Novel-object recognition tests. Novel-object recognition lests evaluate
nonspatial hippocampus-dependent learning and memory [19-21] and
were performed as described [19] with several modifications. The mice
were habituated in an open field over a 2-day preexposure (day 1 for 5
min and day 3 for § min). Two yellow objects (A and B) were placed
diagonally in the open field {15 cm away {rom the walls) on day 4, and
the mice were allowed to explore them for 10 min. Object B was replaced
with the novel object (C), and the other object was teplaced with a replica
(A"} on day 5, and the mice were again allowed o explore them for 10
min. Recognition of the familiar object was scored by prelerential
exploration of the novel object. A + B represents total time exploring
on day 4. A" + C represents total time exploring on day 5. B/(A + B)
represents the ratio of time exploring object B to total time exploring on

day 4. C/(A’ + C) represents the ratio of time exploring object C to total
time exploring on day 5.
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